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FILTER CIRCUIT HAVING AN FE-BASED CORE 
BACKGROUND Q V THF INVENTION 

1. Field Of The Invention 

The present invention relates to the field of digital and analogue information 
transmission; and, more particularly, to a filter circuit having an Fe-based amorphous metal 
core, for bandpass filtering in telecommunication applications, such as DSL communications 
circuits, and the like. 

2 Description Of The Prior Art 

Telephone communication lines are presently used to produce a wide variety of 
signals for both commercial and domestic users of a product or service. Such a product or 
service, of course, includes normal voice telephone and communications, as well as a 
growing number of ancillary services. Ancillary services are generally directed towards the 
transmission of information over existing telephone lines. This information presently 
includes computer data, i.e., transmitted over two-way Internet connections, as well as a 
growing number of other ancillary services. Those further ancillary services which are 
currently under development, or contemplated, include one-way and two-way continuous 
broadcast information, such as audio only (radio), video streams, mixed audio/video streams, 
and the like. 

The foregoing modes of communication are made possible by existing telephone 
lines, which provide a network capable of carrying a broad range of this information. While 
available bandwidths generally range from about 0 to 3000 kHz, the actual bandwidth 
requirements for conventional voice-only telecommunications is in the neighborhood of up to 
about 6 kHz. Thus, there exists the potential for the use of this existing network to transmit 
communications at higher frequencies. 

The technique of providing information within a certain range of frequencies, i.e., a 
limited "bandwidth" enables the simultaneous transmission of different signals along a single 
circuit. This eliminates the need for multiple circuits wherein the signal being transmitted 
along communication lines can be maintained within separate frames of frequencies, i.e., 
separate bandwidths within the available frequency spectrum for a circuit. Conventionally, 
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this has been accomplished by use of a "bandpass filter", which typically include a coil and a 
capacitor. The operating characteristics of the coil and capacitor are selected such that only a 
limited subset of the total available frequency spectrum passes through the communication 
lines. Bandpass filters are typically placed between the source of communications and the 
communication lines, thereby limiting the output of the communications device to fall solely 
within the frequency range established for the particularly bandpass filter. A plurality of 
bandpass filters, each having outputs of non-overlapping frequency ranges within an 
available spectrum can also be used, and thus a plurality of communication devices can share 

common communication lines. 

In the past, choke coils have been used in telecommunication circuits. While 
advantageous, the use is not without shortcomings. Such shortcomings include 
incompatibility of controlling desired choke coil performance needed for pertinent use such 
as in band pass filter circuits. These shortcomings have created a need for materials having 
"softer" and more controllable magnetic properties. In certain cases cobalt containing 
amorphous metal alloys have been used to form choke coil cores. Although more prevalent 
and less expensive, iron-rich amorphous metal cores have not been used in choke coil cores, 
since their inductance properties were believed unsuitable for use in bandpass filters. 

SUMMARY OF THE INVENTION 

The present invention provides an inductor having a core consisting essentially of an 

Fe-base amorphous metal alloy. 

In one aspect, the permeability of the core is substantially constant over a frequency 
range of approximately 1 to 1000 kHz. Specifically, the permeability of the core is 
substantially constant over a field strength range of approximately -15 to +15 Oersteds (Oe). 

In another aspect, the invention provides a filter circuit containing a coke coil that 
comprises a core having permeability substantially constant over a frequency ranging from 
about 1 to 1000 kHz. 

In yet another aspect, the invention provides a method for segmenting frequency 
communications, employing a filter circuit having core permeability substantially constant 
over a field strength of approximately -15 to +15 Oe. 

Advantageous structural features are incorporated into the elements of the present 
invention. A filter circuit that includes a core made from an Fe-base amorphous metal alloy 
provides as good or better performance than a filter circuit using a Co-base core. Moreover, 
cores composed of Fe-base amorphous alloys are much less expensive than Co-base cores. As 




3 

Honeywell File No.: H0002699 
Matter No. : 0017-17 



such, Fe-base amorphous metal alloy cores provide a low cost solution to communications 
applications that require a filter circuit. Filter circuits using Fe-base cores are especially 
suited for use in communications applications that require an adjustable bandpass filter for 
selecting frequency bands of digital and analog signals over communications channels such 
as DSL and the like. 



Brief Description of the Drawings 

The invention will be more fully understood and further advantages will become 
apparent when reference is had to the following detailed description of the preferred 
embodiment of the invention and the accompanying drawings, in which: 

FIG. 1 is a diagrammatic view showing a communications system in accordance 
with the present invention; 

« 

FIG. 2 A is a circuit diagram showing a filter circuit of the invention; 

FIG. 2B is a graph depicting a frequency response of a filter circuit according to the 
invention; 

~pty»®Aj FIG. 3 A is a grajfi showing a magnetization curve of a core according to the 

invention; \ 

FIG. 3B is a graph/showing a magnetization curve of a prior art core; 

FIG. 4A is a graph depicting permeability of a core of the invention as a function of 
applied frequency; 

FIG. 4B is a graph depicting permeability of a core of the invention as a function of 
applied field strength; 

FIG. 5 is a graph depicting the shifts of the center resonance frequency £ shown in 
FIG. 2B as a function of DC bias field for the cores according to the 
present invention and a prior art core; 




4 



Honeywell File No. : H0002699 
Matter No.: 0017-17 

FIG. 6 A-D are circuit diagrams containing examples of bandpass filter circuits using 

cores constructed in accordance with the present invention; 

FIG. 7 is a graph depicting the relationship between core permeability and 

annealing temperature, the different curves describing material with 
different crystallization temperatures; 



FIG. 8 is a graph depicting the relationship between core permeability and 
annealing temperatures for different annealing times; 

FIG. 9 is a graph depicting the loading configurations of the cores for the 

annealing in order to achieve temperature uniformity within a few 
degrees; 

FIG. 10 is a graph depicting core loss as a function of DC bias field and 

frequency; 

FIG. 11 is a graph depicting the permeability of the cores as a function of DC 

magnetizing force; 

FIG. 12 is a Scanning Electron Microscopy (SEM) picture showing a cross- 
section of the ribbon after annealing; and 



FIG. 13 is a graph depicting core permeability as a function of the volume 

percent of crystallinity. 



nFTATT FT) DESCRIPTION 

Referring to FIG. 1 of the drawings, there is shown a communications system 20 
according to the invention. Communications source 22, such as a telephone central office, 
uses DSL technology to deliver high bandwidth analog and digital signals to subscribers 24, 
such as a business or home, over a communications channel 26. A filter circuit 28, such as a 
bandpass filter circuit, can be placed at the central office 22 and at the subscriber 24. The 
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operating characteristics of the filter circuit 28 can be adjusted to limit the frequency 
spectrum passing through communication line 26. In an alternative embodiment, the filter 
circuit 28 can be a low pass filter, the operating characteristics of which are adjusted to limit 
the frequency ranges that are allowed to pass. 

FIG. 2A is a circuit diagram showing a filter circuit 28 of Fig. 1 according to the 
invention. In one embodiment, the filter circuit of Fig. 2A is a bandpass filter circuit 
comprising an electrical choke L and a capacitor C combined in a parallel arrangement. The 
filter circuit of Fig. 2A accepts an input signal and produces an output signal that is 
dependent on the frequency of the input signal and the operating characteristics of the filter 
circuit. Referring to FIG. 2B, the filter circuit of Fig. 2 A has a center resonance frequency f= 
= 1/([2ti(LC) 1/2 ] ( where L is the inductance of the inductor L and C is the capacitance of the 
capacitor. The filter circuit has a bandwidth BW representing the range of frequencies that 
are passed relative to the center resonance frequency f c . A particular center resonance 
frequency f c and BW is selected by adjusting the values of the inductor L and/or capacitor C. 
For example, in a DSL embodiment, there are used one or more filter circuits, each having its 
own center resonance frequency f c , so that each filter circuit passes signals in certain sub- 
bands within the specific kHz bandwidth used in a DSL communications system. 

The inductor L is an energy storage element comprising a ferromagnetic core wound 
with current carrying wire. For a toroidal shaped inductor, the stored energy is W = 
l^tO^AcU/^uou,)] where B is the magnetic flux density, Ac is the effective magnetic area 
of the core, l m is the mean magnetic path length, no is the permeability of free space, and u r is 
the relative permeability in the material. 

By introducing a small gap in the toroid, the magnetic flux in the air gap remains the 
same as in the ferromagnetic core material. However, since permeability of the air (u ~ 1) is 
significantly lower than in typical ferromagnetic material (p. * several thousands) the 
magnetic field strength (H) in the gap becomes much higher than in the rest of the core 
(H=B/u). The energy stored per unit volume in the magnetic field is W=1/2(BH), indicating 
it is primarily concentrated in the air gap. In other words, the energy storage capacity of the 
core is enhanced by the introduction of the gap. 

The gap can be discrete or distributed. A distributed gap can be introduced by using 
ferromagnetic powder held together with nonmagnetic binder or by partially crystallizing an 
amorphous alloy. In the second case, ferromagnetic crystalline phases are separate and are 
surrounded by nonmagnetic matrix. This partial crystallization mechanism is utilized in 
connection with the choke of the present invention. 
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FIG. 3 is a graph depicting magnetization curves for an Fe-based amorphous alloy 
core according to the invention and a prior art core based on a Co-rich amorphous alloy. The 
graph indicates that the permeability defined by jx = B/H of the core of the present invention 
is substantially linear. The magnetic field strength H is varied over a range from about -40 
Oe to +40 Oe causing a linear change in the corresponding magnetic flux density B over a 
range of about +13 to -13 kG. The linear permeability property makes the Fe-based core 
suitable as a bandpass filter circuit in a DSL communication system. The permeability of the 
prior art core on the other hand is linear only up to the induction level of about 7 kG, which is 
substantially lower than the 13 kG level reached in the Fe-based core of the present invention. 
The larger available induction level of the core according to the present invention is desirable 
because the core can be operational with larger current levels in telecommunication lines. 

FIG. 4A is a graph depicting the functional relationship between core permeability 
and applied field frequency for a bandpass filter of the invention. An alternating current 
(AC) signal is applied to a bandpass filter having a core consisting essentially of an Fe-base 
amorphous metal alloy with a permeability of approximately 700. The frequency is varied 
over a range of 1-10,000 kHz while the permeability is measured. The graph indicates that 
the permeability is constant up to about 1000 kHz range. The permeability then gradually 
decreases linearly from 700 to 20 as the frequency is varied from 1000 kHz to 20,000 kHz. 

FIG. 4B is a graph depicting core permeability as a function of applied field strength 
for a bandpass filter of the invention. A bandpass filter having a Fe-based core with a 
permeability of approximately 700 is subjected to a magnetic field H that is varied over a 
range of 0 to 35 Oe while the permeability of the core is measured. The graph indicates that 
the permeability does not vary appreciably within a magnetic field H range of approximately 
0 to 15 Oe. The permeability gradually decreases from 700 to 300 in a linear fashion as the 
magnetic field H is varied past 17 Oe. The ferromagnetic core can be used in a filter circuit 
as part of a communications circuit such as DSL. The ferromagnetic core exhibits a magnetic 
permeability that is linear as the frequency and magnetic field strength is varied over a range 
that is representative of a communications application such as DSL. 

FIG. 5 compares the shifts of the center resonance frequency f c defined in FIG. 2B for 
the core according to the present invention and a prior art core. Each of these cores with OD 
of about 13 mm, ID of about 8 mm and a height of about 7 mm with 150 copper winding 
resulted in an inductance L of about 8 mH. The inductor was connected in parallel with a 
capacitor of 1 uF, which resulted in a center resonance frequency f c of about 1800 Hz. The 
prior art core saturates with a DC bias field above 10 Oe beyond which the core becomes 
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non-functional, whereas the core according to the present invention is operational well past 
10 Oe. Lower center resonance frequency shifts are desirable for stable filter operations. 

FIG. 6 shows examples of bandpass filter circuits in which the Fe-based cores 
according to the present invention are utilized in the inductors L. All of these circuits have 

1/2 

the same center resonance frequency given by l/[27t(LC) ]. 

FIG. 7 is a graph depicting the relationship between the permeability of the core and 
annealing temperature, the different curves describing material with different crystallization 
temperatures, T x . The permeability was measured with a commercially available inductance 
bridge at 10 kHz frequency, 8-turn jig and 100 mV AC excitation. The annealing time was 
kept constant at 6 hrs. All the cores were annealed in an inert gas atmosphere. The different 
curves represent Fe-base alloys with small variations in the chemical composition and 
consequently small changes in their crystallization temperature. The crystallization 
temperatures were measured by Differential Scanning Calorimetry (DSC). A reduction in the 
permeability is observed with increasing annealing temperature for a constant annealing time. 
For a given annealing temperature the permeabilities scale according to the crystallization 
temperature, i.e. the permeability is highest for the alloy with the highest crystallization 
temperature. 

FIG. 8 depicts the permeability of the annealed Fe-base cores with the same chemical 
composition as a function of the annealing temperature. The different curves represent 
different annealing times. The plot indicates that for temperatures higher than 450°C the 
effect of the annealing temperature dominates the effect of the annealing time. 

The appropriate annealing temperature and time combination are selected for an Fe 
base boron and silicon containing amorphous metal alloy on the basis of the information in 
FIGS. 7 and 8. This selection can be made provided the crystallization temperature (T x ) 
and/or chemical composition of the alloy is known. For example, for Fe 8 oBiiSi 9 which has 
T X =507°C in order to achieve permeabilities in the range of 100 to 400 annealing 
temperatures in the range of 420 to 425°C for 6 hrs are appropriate. To achieve a permeability 
of about 700, an amorphous Fe-based alloy with Tx=527°C is heat-treated at 430°C for 6 

hours as taught by FIG. 7. 

Improvements in the linearity of the permeability were achieved by applying a 
magnetic field perpendicular to the core's magnetic excitation direction during the heat- 
treatment. For example, the Fe-based cores of the present invention used for FIGS. 3, 4 A, 4B 
and 5 were heat-treated with a perpendicular magnetic field of about 200 Oe. The field- 
annealing is performed in conjunction with the teaching of FIGS. 7 and 8. 
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Referring to Fig. 9, it is shown that reproducibility and uniformity for a given 
permeability value are obtained when a temperature variation of less than one or two degrees 
is maintained. Special loading configurations have been developed for the annealing process 
so that the uniformity and reproducibility of the temperature in the oven are established. For 
a box type inert gas oven, wire mesh Al plates 72 are stacked according to FIG. 9 and the 
arrangement is placed in the center of the oven. The Al plates 72 are substrates that hold the 

cores 71 during the anneal process. 

Typical magnetic characterization data for the inductor cores, such as core loss and 
DC bias are shown in FIGS. 10 and 1 1. The core loss data are plotted as a function of the DC 
bias field and the different curves represent different measuring frequencies. The data shown 
are for cores with an OD of 25 mm. An important parameter for the core performance is the 
percent of the initial permeability that remains when the core is driven by a DC bias field. 
FIG. 1 1 depicts a typical DC bias curve for a core having an OD of 35 mm. 

Cross-sectional scanning electron microscopy (SEM) and x-ray diffraction (XRD) 
were performed to determine the distribution and percent crystallization of the annealed 
cores. FIG. 12 depicts a typical cross-sectional SEM indicating that both the bulk of the alloy 
having a thickness of about 20 urn and the surface are crystallized. The volume percent of 
the crystallization was determined from both the SEM and XRD data and is plotted in FIG. 
13 as a function of permeability. For permeabilities in the range of 100 to 400 bulk 
crystallization in the range of 5 to 30% is required. 

Having thus described the invention in rather full detail, it will be understood that 
such detail need not be strictly adhered to, but that additional changes and modifications may 
suggest themselves to one skilled in the art. For example, a filter circuit having an Fe-based 
amorphous metal core can be used in communications other than DSL. These and other 
embodiments are intended to fall within the scope of the invention, as defined by the 
subjoined claims. 



